In plants, establishment of the basic body plan during embryogenesis involves complex processes of axis formation, cell fate specification and organ differentiation. While molecular mechanisms of embryogenesis have been well studied in the eudicot Arabidopsis, only a small number of genes regulating embryogenesis has been identified in grass species. Here, we show that a RKD-type RWP-RK transcription factor encoded by Shohai1 (Shai1) is indispensable for embryo and endosperm development in maize. Loss of Shai1 function causes variable morphological defects in the embryo including small scutellum, shoot axis bifurcation and arrest during early organogenesis. Analysis of molecular markers in mutant embryos reveals disturbed patterning of gene expression and altered polar auxin transport. In contrast with typical embryo-defective (emb) mutants that expose a vacant embryo pocket in the endosperm, the endosperm of shai1 kernels conforms to the varied size and shape of the embryo. Furthermore, genetic analysis confirms that Shai1 is required for autonomous formation of the embryo pocket in endosperm of emb mutants. Analyses of genetic mosaic kernels generated by B-A translocation revealed that expression of Shai1 in the endosperm could partially rescue a shai1 mutant embryo and suggested that Shai1 is involved in non-cell autonomous signaling from endosperm that supports normal embryo growth. Taken together, we propose that the Shai1 gene functions in regulating embryonic patterning during grass embryogenesis partly by endospermto-embryo interaction.
INTRODUCTION
In plants, processes of embryogenesis establish fundamental body pattern including the formation of the apical-basal axis. During embryogenesis, establishment of the apical-basal axis through the first and subsequent early cell divisions of the zygote is a foundation for subsequent cell differentiation (Jeong et al., 2016; Palovaara et al., 2016) .
Over the past 2 decades, studies based primarily on the Arabidopsis model plant, have identified key molecules that include transcription factors, hormones, and microRNAs that mediate patterning of the embryo (reviewed in Lau et al., 2012; ten Hove et al., 2015; Jeong et al., 2016; Palovaara et al., 2016) . In Arabidopsis, a MAP kinase cascade, mediated by YODA and two MAPKs, acts very early to regulate the first asymmetric cell division of the zygote (Lukowitz et al., 2004; Wang et al., 2007; Musielak and Bayer, 2014) . Mutations in YODA and two MAPK genes inhibit elongation of the zygote and cause disruption of the asymmetric first cell division and suspensor cell differentiation. In addition, mutations in the WRKY2 transcription factor cause the first cell division to be symmetrical, and produce two cells of similar size. WRKY2 directly regulates gene expression for the WOX8 and WOX9 transcription factors that determine basal cell identity. Another WOX gene, WOX2, is required for apical cell identity (Breuninger et al., 2008; Ueda et al., 2011; reviewed in Jeong et al., 2016) . Recent work demonstrated that YODA directly phosphorylates WRKY2, leading to up-regulation of WOX8 transcription (Ueda et al., 2017) . Therefore, the WRKY-WOX interaction and the YODA kinase cascade act cooperatively to establish early embryo polarity. A putative RWP-RK domain transcription factor encoded by AtRKD4/ GROUNDED in turn affects early polarization of the embryo by regulating YODA signaling (Jeong et al., 2011; Waki et al., 2011) although it apparently functions independently of the WRKY-WOX regulon (Jeong et al., 2011) . Therefore, AtRKD4/GRD is thought to activate embryo-specific genes during very early embryogenesis (Waki et al., 2011) . In a striking contrast with Arabidopsis, the corresponding genes that establish axial-basal polarity during grass embryogenesis have so far not been clearly identified.
In addition to kinases and transcription factors, auxin plays a central role in apical-basal axial formation during early embryo development (reviewed in Petr asek and Friml, 2009; Robert et al., 2015) . Basipetal flow of auxin, directed by efflux and influx transporters, is a well known regulator of diverse developmental processes. In Arabidopsis embryos, disruptions of auxin transporters, PIN-FORMED1 (PIN1) and PIN7, cause defects in apical-basal patterning . Moreover, expression of PIN1 is blocked and attendant local auxin responses are perturbed in wox mutants, suggesting that auxin signaling and the WRKY-WOX pathway interact in embryo polarization (Breuninger et al., 2008) . In maize, cellular localization of ZmPIN1 protein is correlated with organ differentiation during embryogenesis (Forestan et al., 2010; Chen et al., 2014; Doll et al., 2017) . Moreover, the perturbation of auxin transport by treatment with NPA, an inhibitor of polar auxin transport, alters embryo shape (Forestan et al., 2010) . These studies indicated that polar auxin transport is required for establishing embryonic axes and organ differentiation in grasses as well.
Embryogenesis is regulated by external cues derived from endosperm (reviewed in Lafon-Placette and K€ ohler, 2014) . Failure of endosperm cellularization causes precocious arrest of embryo growth in Arabidopsis, possibly due to disruption of nutrient transport to the embryo (Hehenberger et al., 2012) . In some maize defective kernel mutants, embryo development is inhibited by a defective endosperm (Chang and Neuffer, 1994) . Embryogenesis is also regulated by both maternal-and paternal-derived factors. It has been shown that extracellular signaling proteins, SHORT SUSPENSOR (SSP) and EMBRYO SUR-ROUNDING FACTOR 1 (ESF1) regulate embryogenesis in Arabidopsis (Bayer et al., 2009; Costa et al., 2014) . A paternal factor SSP is thought to directly modulate YODA-MAP kinase signaling. The small cysteine-rich peptide encoded by ESF1 accumulates in the central cell and endosperm where it is thought to affect suspensor elongation in a non-cell autonomous manner through the YODA pathway (Costa et al., 2014) . In addition, recently identified HOMEODOMAIN GLABROUS11/12 (HDG11/12) transcription factors are maternal regulators of early embryogenesis (Ueda et al., 2017) . In contrast with Arabidopsis seeds in which endosperm degenerates during seed development, grass seeds have a persistent endosperm that interacts with the embryo throughout seed development. There is some circumstantial evidence that endosperm-derived auxin may play a role in polarity determination during early embryogenesis in maize (Chen et al., 2014; Doll et al., 2017) .
Here, we report molecular analysis of a maize small embryo mutant, shohai1 (shai1, 'shohai' meaning small embryo in Japanese). Embryos of shai1 mutant kernels vary widely in size with aberrant organization of shoot and root meristems and scutellum. In the most severe cases, shai1 embryos arrest early, resulting in kernels that lack a visible embryo. Developmental defects in shai1 embryos were associated with abnormal localization of polar auxin transporter, ZmPIN1a, and altered spatial patterning of known regulators for embryogenesis. Shai1 encodes a nuclear localized RWP-RK putative transcription factor. Double mutant analyses with embryo defective mutants and genetic mosaic analysis of seeds that have non-concordant endosperm and embryo genotypes showed that Shai1 has both cell autonomous and non-cell autonomous functions in the regulation of embryo and endosperm development. Collectively, our results demonstrated that the RKD-type RWP-RK domain protein encoded by Shai1 is an important factor of embryogenesis and endosperm development in maize.
RESULTS

Kernel phenotypes of the shohai1 mutant
We isolated two independent alleles of a recessive seed mutant, shohai1 (shai1-umu1 and shai1-umu2), in a screen of a maize transposon population (McCarty et al., 2005) for embryo size mutants. In contrast with bige1, which we have previously reported (Suzuki et al., 2015) , shai1 mutant kernels displayed a marked reduction in the area of the embryo visible on germinal face of the kernel (Figure 1a-c) . In addition, coverage of the germinal face of shai1 kernels by aleurone (marked by anthocyanin pigment) was extended partially over the apical region of embryo (Figure 1b) . In extreme cases, mutant kernels lacked a visible embryo resulting in nearly complete coverage of the germinal face by pigmented aleurone (Figure 1c ). Longitudinal sections of mutant kernels confirmed that the reduced embryo size was compensated by enlargement of the endosperm (Figure 1d-f ). This phenotype is in striking contrast with embryo-defective (emb) mutants of maize in which the endosperm typically does not compensate the missing embryo, resulting in formation of an empty embryo pocket ( Figure S1 ; e.g. Clark and Sheridan, 1991) . Therefore, Shai1 is required for balanced growth of embryo and endosperm.
As shown in Figure 1 , shai1 embryos vary widely in size and morphology (Figure 1g-k) . In order to document the spectrum of the phenotypic variation, we grouped mutant embryos into four phenotype classes: Class 1, small round embryos; Class 2, fasciated embryos; Class 3, small disorganized embryos; and Class 4, very small embryos that were not visible at seed maturity (Figure 1l,m) . The extent of disorganization and morphological abnormality increased toward the small end of the size spectrum. The Class 1 mutant embryos showed the mildest phenotype having reduced size without other notable developmental defects (Class 1; Figure 1h ,l). The small size of Class 1 embryos was attributed to reduced growth along the apical-basal axis and resulted in a rounder shape compared with the normally oblong wild type embryo. Class 2 embryos were heart-shaped due to fasciation in the apical region. A subset of the Class 2 embryos had fasciated or twinned shoot apical meristems (SAM) (Class 2; Figure 1i ,j,l). Class 3 mutant embryos exhibited severe defects including disorganized patterning and the absence of SAM formation (Class 3; Figure 1k ,l). Lastly, the Class 4
shai1-umu2 Figure 1 . Embryo and endosperm phenotypes of shai1 mutant at maturity. (a-c) Whole mature kernels of wild type and shai1 mutants. Germinal sides of wild type (a) and shai1-umu1 mutant kernels with a mild (b) and an extreme phenotype (c) are shown.
(d-f) Sagittal hand sections of wild type and shai1 kernels. Wild type (d) and shai1-umu1 mutant kernels with mild (e) and extreme phenotype (f) are shown.
(g-k) Embryos of wild type and shai1 mutants. Wild type (g) and shai1-umu1 mutants expressing varied phenotypes (h-k). Phenotypes of shai1 mutant embryos include small and round (h), fasciated shoot with irregular scutellum (i), twin shoots with heart-shaped scutellum (j), disorganized embryos (k). Pericarp and cell layers covering embryos were removed. (l) Classification of varied embryo phenotypes in shai1 mutants.
(m) Distributions of phenotypic classes of shai1 mutant embryo phenotypes from three independent heterozygous segregating ears of shai1-umu1 and shai1-umu2. Class 1: small and round embryo. Class 2: fasciated embryo. Class 3: disorganized embryo. Class 4: tiny embryo. See detailed descriptions about the classes in the Result. All ears used in (m) were harvested in the same season.
shai1 embryos were not visible in the mature kernels (Class 4; Figure 1m ). The shai1-umu2 allele produced markedly higher frequencies of more severe Class 3 and Class 4 phenotypes than shai1-umu1 (Figure 1m ). In order to characterize the morphology of Class 4 embryos, we screened the embryos of 50 fresh mature shai1-umu2 kernels under a dissection microscope ( Figure S2 ). We found embryos in all of the mutant kernels, in which 19 of 50 contained tiny embryos belonging to Class 4. Despite the absence of apparent SAM formation, these Class 4 embryos were at least in part polarized both in the apical-basal and ventraldorsal directions. In these respects, Class 4 embryos resembled wild type embryos at the late transition stage. The morphology of the Class 4 embryos suggested that Shai1 functions in early patterning of the embryo.
Seedling and plant phenotypes of shai1
Seeds with shai1 Class 1 and Class 2 embryo phenotypes were capable of germination, albeit with reduced frequency and delayed time of germination relative to wild type. Class 1 seeds produced slightly smaller seedlings than normal. The first and second leaves were often scoop-shaped or tubular consistent with altered embryonic leaf differentiation ( Figure S3b -d right). Class 2 seeds often produced twin shoots ( Figure S3d ,e). Twinned shoot axes merged to join a single primary root axis, which was typically fasciated. While embryos with bifurcated root apical meristems (RAM) were also observed ( Figure S4 ), cases of duplication of the entire embryo axis were not detected. Fasciation and bifurcation of shoot and root axes suggested that shai1 affects both SAM and RAM formation ( Figure S3f , arrows and arrowheads). Whereas no shai1-umu2 homozygous seedlings survived to produce fertile plants under field or greenhouse conditions, up to 10% of shai1-umu1 seedlings grew into mature plants with tassels and ears. Aside from the phenotypes of seedling leaves described above ( Figure S3 ), adult shai1-umu1 plants were otherwise morphologically indistinguishable from wild type. This finding suggested that the Shai1 gene does not have significant functions during vegetative development. However, anthers of shai1-umu1 homozygous plants rarely exerted from tassel florets to release pollen. Closer inspection of shai1 male florets revealed that anthers contained filled pollen grains but were attached to filaments that were markedly shorter than wild type ( Figure S5a ). In vitro pollen germination tests confirmed that at least some of shai1 mutant pollen grains were able to germinate on agar medium ( Figure S5b ). These results suggested that male sterility of the shai1 mutant was likely to be attributable to abnormal anther exertion and/or dehiscence rather than defects in male gametophyte development.
Embryogenesis of shai1 mutant
To examine the effects of shai1 on embryo patterning, we conducted histological analysis of developing embryos. We harvested developing kernels from self-pollinated shai1-umu1 heterozygous plants and analyzed embryo morphology using thin sections of paraffin embedded kernels. While we were unable to reliably discern wild type and the mutant embryos at transition stages (7 days after pollination (DAP) and 8 DAP; Figures S6 and S7) , mutant embryos could be distinguished from wild type as early as the coleoptilar stage (9 DAP), based on embryo size and defects in scutellum, coleoptile and SAM formation (Figure 2b,c) . By the L2 stage (12 DAP), the altered growth and differentiation of mutant embryos was more evident (Figure 2e) . At this stage severe shai1 phenotypes could be reliably discerned, including cylindrical Class 3 or Class 4 embryos that lacked meristems and other discernible features of dorsal-ventral polarity (Figure 2f ). At 22 DAP wild type embryos had completed organogenesis and no longer contained a suspensor (Figure 2g ). At the same age, Class 1 shai1 embryos (Figure 2h ,i) exhibited reduced growth in the apical-basal direction and in some cases still contained a suspensor (Figure 2i , arrow). These embryo phenotypes indicated that Shai1 is required for diverse aspects of normal embryogenesis including scutellum growth, differentiation of embryonic shoot and root meristems, and degeneration of the suspensor.
Altered patterning of tissue-specific markers in shai1 developing embryos
To gain insight into altered patterning of shai1 embryos, we analyzed the expression of four key embryogenesis genes by in situ hybridization. Firstly, we examined the expression of KNOTTED-1 (KN1), a well established marker for SAM formation during vegetative development as well as embryogenesis (Jackson et al., 1994; Smith et al., 1995; Takacs et al., 2012) . The in situ analysis showed that, as expected, in wild type embryos KN1 was localized in the SAM at L2 stage ( Figure 3a ; Takacs et al., 2012) . A similar pattern of localized KN1 expression marked the SAM position in mildly affected shai1 embryos (Figure 3b) . A broader pattern of KN1 expression occurred in Class 2 embryos having twinned or fasciated SAMs (Figure 3c , arrowheads). By contrast, in the more severely affected Class 3/Class 4 embryos, KN1 expression was broadly distributed through the apical-ventral region of the embryo and suggested that the apical-basal and dorsal-ventral axes were only partially established in these poorly differentiated embryos (Figure 3d) .
A second marker, ZmDRN, is the presumptive ortholog of Arabidopsis AP2-domain transcription factor DRN (Chandler et al., 2007) . ZmDRN was previously shown to be expressed in the SAM of developing maize embryos . Consistent with that pattern, ZmDRN expression was detected in the SAM of wild type and mildly affected Class 1 and Class 2 embryos (Figure 3f ). By contrast, no ZmDRN expression was detected in the apical-ventral region of the severely affected Class 3/ Class 4 embryos. Absence of ZmDRN transcripts together with the poorly localized pattern of KN1 expression indicated that SAM identity was only partially determined (Figure 3g, h) . Interestingly, we also detected a pattern of uniform ZmDRN expression in the scutellar epithelial layer of wild type embryos at the L2 stage ( Figure 3e ). In shai1 embryos, ZmDRN expression in the outermost layer of the scutellum was patchy and suggested that establishment of the epithelial layer was partially disturbed in mutant scutellum (Figure 3f -h).
Our third marker was the ZmARF4 gene, a close homolog of the Arabidopsis MONOPTEROS (MP) auxin response factor (Hardtke and Berleth, 1998; Galli et al., 2015) . ZmARF4 was expressed in the vascular bundles of wild type embryos (Figure 3i ). In Class 1 shai1 embryos, Figure 2 . Morphology of wild type and shai1 mutant embryos. Paraffin thin sections of wild type (WT) and shai1-umu1 developing embryos at 9 DAP (a-c), 12 DAP (d-f) and 22 DAP (g-i). The arrow in (i) indicates the suspensor that was not degenerated in shai1 embryo. Developing kernels of wild-types and shai1 mutants were sampled from ears of self-pollinated heterozygous plants. DAP, days after pollination. Bars = 500 lm.
ZmARF4 expression was also detected in the vascular bundles. However, in the more severe mutant embryo classes, ZmARF4 expression was restricted to the middle and dorsal regions of the embryo and indicated that auxin signaling associated with vascular differentiation was disturbed in Class 3/Class 4 shai1 embryos (Figure 3k ,l). Lastly, we examined the expression of one of the Arabidopsis WOX9 homologs, ZmWOX9B, which is normally expressed in the basal region and suspensor of maize embryos ( Figure 3m ; Nardmann et al., 2007) . Whereas the pattern of ZmWOX9B expression in mildly affected shai1 embryos was similar to that of wild type (Figure 3n ), apicalbasal patterning of ZmWOX9B expression was dramatically altered in the severe shai1 embryo classes. In the latter embryos, ZmWOX9B expression extended into the apical region along the ventral side, in some cases reaching the apical tip (Figure 3o ,p, arrow). Intriguingly, apical expression of ZmWOX9B was detected exclusively in the ventral region implying that dorsal-ventral polarity is, at least partly, established even in severely affected shai1 embryos. Figure 3 . Expression of tissue-specific markers in wild type and shai1 mutant embryos. Wild type (a, e, i, m) and shai1 mutant (b-d, f-h, j-l, n-p) embryos were subject to analyses of gene expression by in situ hybridization. KN1 (a-d), ZmDRN (e-h), ZmARF4 (i-l) and ZmWOX9B (m-p) probes were used in the in situ hybridization. Paraffin thin sections were prepared with 12 DAP kernels for (a, b) and 14 DAP kernels for the rest. (f, k, l, n) were shai1-umu2 embryos and the remaining embryos were shai-umu1. The arrowheads in (c) indicate twin SAM. The arrow in (p) indicates the apical tip of the embryo. Bars = 500 lm.
Altered patterning of polar auxin transport in shai1 embryos
Polar auxin transport mediated by asymmetrically localized membrane transporters is a fundamental mechanism of apical-basal axis formation in plant embryo development (reviewed in Petr asek and Friml, 2009; Robert et al., 2015) . In maize, as in other plants, dynamic changes of auxin flux mediated by PIN1 paralogs have been implicated in the embryo patterning and organ differentiation during embryogenesis (Forestan et al., 2010; Chen et al., 2014) . To address potential changes in auxin fluxes associated with shai1 defects in vascular differentiation and apical-basal polarization, we utilized maize ZmPIN1a-YFP transgenic lines (Gallavotti et al., 2008; Mohanty et al., 2009) d and S8c, arrowheads). In the severe Class 3/Class 4 variants that lacked discernible organ formation, ZmPIN1a-YFP exhibited variably diffuse or disorganized patterns in the embryo proper, in some cases forming a broad arch over the position normally occupied by the SAM (Figures 4e,f and S8d-f). Taken together, the results showed that altered patterning of polar auxin transport in shai1 embryos was correlated with the abnormal embryo polarization and differentiation. Overall, patterns of ZmPIN1a-YFP localization suggested that variable attenuation of the apical-basal axis in shai1 embryos resulted in lateral expansion of polar auxin transport patterning. Patterns that emerged from weakening of the primary axis ranged from well organized duplications of centrally positioned SAM and RAM organizing centers to the formation of novel, albeit poorly organized foci in peripheral regions of the embryo.
Shai1 encodes a nuclear localized RWP-RK putative transcription factor
Mu-seq analysis (McCarty et al., 2013) of shai1-umu1 and shai1-umu2 identified Mu insertions in a gene (GRMZM2G057131) that co-segregated with the mutant phenotype. The shai1 mutant was confirmed by genetic complementation tests for allelism that included four additional Mu-insertion alleles ( Figure S9 ). Shai1 encodes a RWP-RK domain protein predicted to function as a transcription factor (Figure 5a ). The shai1-umu2 allele has a Mu transposon insertion in the third coding exon, whereas the other alleles including shai1-umu1 have Mu transposons in the first intron (Figures 5a and S9b, c) . RT-PCR analysis detected little or no wild type Shai1 transcripts in the mutant alleles ( Figure S9d ). Consistent with Shai1 encoding a transcription factor, an N-terminal GFP-SHAI1 fusion protein was localized to the nucleus when transiently expressed in N. benthamiana epidermal cells (Figure 5b-d) . qPCR analysis showed that Shai1 was expressed in developing kernels with preferential expression in the endosperm relative to the embryo. The qPCR data were consistent with expression profiles obtained from transcriptome databases (Figures 5e and S10). RWP-RK family transcription factors are common to genomes of vascular plants, moss and green algae (reviewed in Chardin et al., 2014) . Phylogenetic analysis revealed that SHAI1 belongs to RKD subfamily of RWP-RK domain proteins (Figure 5f ). Among five RKD genes in Arabidopsis, maize Shai1 is closest to RKD5 (Figure 5f ; Koszegi et al., 2011; Chardin et al., 2014) . In Arabidopsis, loss of function of RKD4/GRD disrupts polarity of the embryo prior to the first mitotic cell division of the zygote (Jeong et al., 2011; Waki et al., 2011) . Recently, RKD2, RKD3, RKD4 have been implicated in female gametophyte development (Tedeschi et al., 2017) . In contrast, rkd5 single mutants have no discernible phenotype in the embryo or gametophytes (Tedeschi et al., 2017) .
Shai1 is required for formation of the 'embryo pocket' in endosperm of emb mutants As noted above in Figure 1 , most maize embryo-defective (emb) mutants expose a characteristic embryo pocket, visible as a large empty cavity on the germinal face of the endosperm in the position normally occupied by the embryo ( Figure S1 ; Clark and Sheridan, 1991; Magnard et al., 2004; Dietrich et al., 2005; Shen et al., 2013; Li et al., 2015; Yang et al., 2016) . This characteristic phenotype indicates that the endosperm autonomously forms the embryo pocket on the germinal face even when the embryo fails to develop. By contrast, in shai1 mutant kernels, the endosperm conforms to the size and shape of the variably sized embryo filling in the pocket almost entirely in kernels with Class 4 embryos (Figures 1 and S1 ). Based on this phenotype we hypothesized that Shai1 is required for autonomous formation of the embryo pocket in the endosperm of emb mutants. To test this hypothesis, we determined whether the embryo pocket forms in the endosperm of shai1 emb double mutant kernels. We used the weaker shai1-umu1 allele for this experiment so that we could readily distinguish emb and shai1 single mutant embryos by phenotype. We utilized two non-allelic emb mutants from the UniformMu seed mutant resource that arrest embryo development at the transition stage and expose the embryo pocket (McCarty et al., 2005) and constructed shai1 emb double mutants. Phenotypic analysis of the F2 seeds confirmed that, as expected, due to epistasis of the early-acting emb mutants over shai1, shai1 emb double mutant kernels did not form visible embryos (Figure S11a, b) . However, in contrast with the emb single mutants, the endosperm of double mutant kernels lacked an embryo pocket and thus resembled the shai1 single mutant (Table 1 and Figure S11c ). Therefore, in contrast with the embryo where embs are epistatic to shai1, in the endosperm shai1 is epistatic to early-acting emb mutants. These results support our hypothesis that Shai1 is required for autonomous formation of the embryo pocket of the endosperm of emb mutants.
shai1 embryos are partially rescued by Shai1 expression in endosperm
As shown above, Shai1 regulates both embryo and endosperm development. To investigate whether Shai1 functions independently in the filial organs of the kernel, we generated seeds with non-concordant embryo and endosperm shai1 genotypes using a TB-2Sb chromosome translocation. F1 crosses between shai1-umu2 heterozygous female plants and a male carrying the TB-2Sb translocation generated two classes of kernels with nonconcordant shai1 genotypes: a hypoploid (shai1 mutant) embryo with a hyperploid (Shai1/À) endosperm and a hyperploid (Shai1/À) embryo with a hypoploid (shai1 mutant) endosperm ( Figure S12 ). If Shai1 functions autonomously in the embryo and endosperm, we expected to observe three phenotypic classes of the seeds; wild type, shai1 mutant endosperm (hypoploid) with wild type embryo (hyperploid), and wild type endosperm (hyperploid) with shai1 mutant embryo (hypoploid). However, we were able to clearly identify the first two classes of the seeds, and only a few F1 seeds were observed that had strong Class 3 and Class 4 phenotypes characteristic of shai1-umu2. Instead, we identified a distinct class of kernels with a normal endosperm phenotype that were slightly smaller than normal embryos (Figure 6 ). To confirm the genotypes of embryos from the three classes of the kernels, F1 seeds were germinated in soil and then seedlings were genotyped by PCR. Seedlings grown from 72 seeds in the normal embryo/normal endosperm class, and 13 seeds in the shai1 endosperm/normal embryo class were confirmed to carry a wild type Shai1 allele as expected. To verify candidates for the expected third class of kernels with shai1 embryos and wild type endosperm, we selected 14 seeds with normal endosperm and a slightly reduced embryo size for genotyping, analysis of germination frequency, and evaluation of seedling phenotypes ( Figure S13) . A control set of 16 shai1-umu2 homozygous seeds was analyzed for comparison. Germination frequency of shai1-umu2 homozygous seeds was low (34%), whereas 13 of the 14 shai1 hypoploid embryo candidate seeds germinated. Of the 12 seedlings recovered, 11 grew slowly compared with wild type. PCR genotyping confirmed that the 11 slow-growing seedlings were shai1 mutants due to hypoploidy for chromosome 2S, whereas the 12th seedling, which exhibited normal growth, was shown to carry a wild type copy of Shai1. Importantly, these results were inconsistent with the alternative possibility that the normal endosperm, small embryo class was due to effects of segmental aneuploidy associated with T-B translocations (Lin, 1982; Beckett, 1983; Birchler and Hart, 1987; Birchler, 1993) rather than uncovering the shai1 mutant allele in the embryo per se. Because the females used in the TB-2Sb experiment were heterozygous for Shai1, the F1 progeny included seeds with unbalanced 2S dosage that also carried the wild type Shai1 allele inherited from the maternal parent in both embryo and endosperm. Aneuploid kernels of this type could account for, at most, one of 12 kernels analyzed and indicated significant enrichment for shai1 hypoploid embryos in the normal endosperm/small embryo class (P = 0.0039, chi-squared analysis). Instead, our results implied that expression of Shai1 in the endosperm could partially rescue the growth of a mutant embryo, and consistent with Shai1 having a non-autonomous role in seed development. (f) Phylogenic tree of RKD-type RWP-RK domain proteins from maize (GRMZM), rice (Os), Arabidopsis (At) and liverwort (Mp). Conserved RWP-RK domains were used for the phylogenic analysis (Table S2) . Bootstrap values are indicated at branch points. Five RWP-RK domain proteins from Chlamydomonas (Cre) belonging to RKD(B) (Chardin et al., 2014) were used as an outgroup to place root of the tree.
RWP-RK
In order to further confirm that endosperm-expressed Shai1 was capable of rescuing shai1 mutant embryos, we examined developing embryos and endosperms of PCRgenotyped F1 seeds from TB-2Sb crosses at 22 DAP and compared them to shai1-umu2 mutant kernels obtained from self-pollinated heterozygous plants. At least 70% of the shai1-umu2 homozygous seeds from two independent self-pollinated heterozygotes lacked visible embryos. The average fresh weight of remaining mutant embryos (Class 1, Class 2, and Class 3) is shown in Table 2 . By contrast, and in line with the analysis of mature seed phenotypes obtained from TB-2Sb crosses (Figure 6 ), developing kernels with extreme shai1 phenotypes (Class 3 and Class 4) were rare. Instead, most hypoploid shai1 mutant embryos, which develop in the presence of a hyperploid Shai1 endosperm, formed embryos that were nearly normal with respect to fresh weight (Table 2) . These results reinforced the conclusion that expression of Shai1 in endosperm was sufficient to support nearly normal development of embryos that lacked a functional Shai1 allele. Conversely, the overall morphology of hyperploid Shai1 embryos in kernels with a hypoploid (shai1 mutant) endosperm was also near normal, and indicated that Shai1 expression in the endosperm was not strictly necessary for embryo formation. In addition, the mutant endosperm evidently accommodated a nearly full-sized embryo. The hyperploid (Shai1/À) embryos that developed in kernels with mutant endosperm had a slightly lower fresh weight than wild type and were, in this respect, comparable with shai1 hypoploid embryos. Consistent with results from the first TB-2S experiment, we detected little evidence that segmental aneuploidy contributed appreciably to embryo-size variation within the normal kernel class (top row, Table 2 ).
Overall, these results indicated that Shai1 expression in both the endosperm and embryo influenced embryo development.
DISCUSSION
Our results showed that Shai1 encodes a RWP-RK domain protein that has a central role in regulating embryo and endosperm development in maize. In embryos, Shai1 is required for apical-basal polarization of the embryo and patterning of polar auxin transport along the axis. Shai1 also functions in the endosperm of emb mutants, where it is required for autonomous formation of the embryo pocket. Surprisingly, genetic mosaic analysis using a B-A translocation showed that expression of wild type Shai1 gene in endosperm partially rescues development of a shai1 embryo, suggesting that Shai1 is involved in endosperm-derived non-autonomous signaling that interacts with the regulation of embryogenesis in maize.
Shai1 is required for proper patterning and organ differentiation of maize embryo
In contrast with Arabidopsis (Lau et al., 2012; ten Hove et al., 2015) , relatively few genes for early embryogenesis have been identified in grasses, which constrains our understanding of mechanisms underlying organogenesis in grasses. In particular, genes that establish apical-basal polarity of the embryo are so far unknown. Mitochondrial ribosomal protein OsGCD is implicated in formation of the dorsal-ventral axis in rice (Huang et al., 2017) . Notably, the Arabidopsis GCD ortholog has not been implicated in embryo patterning . In maize, a large class of mutants defective in plastid protein translation arrest embryogenesis at the transition stage (Magnard et al., 2004; Shen et al., 2013; Li et al., 2015; Yang et al., 2016) although it is not clear whether these genes have a direct role in controlling polarization of the embryo. Other investigations of patterning mechanisms during early embryogenesis in maize have largely relied on analysis of orthologs of Arabidopsis genes implicated in embryogenesis and polar auxin transport (Nardmann et al., 2007; Zimmermann and Werr, 2007; Chandler et al., 2008; Forestan et al., 2010; Chen et al., 2014) . Our results show that Shai1 is required for appropriate establishment and/or maintenance of embryo polarity in grasses.
The spectrum of shai1 embryo phenotypes (Figures 1, 2 and S2) as well as the expression pattern of in situ marker genes (Figure 3) suggest that weakening and/or instability of the apical-basal axis may be a unifying basis for the variation in phenotypes, implying that Shai1 functions in stabilizing the axis throughout embryo development. Conversely, Shai1 is unlikely to determine embryo polarity per se because apical-basal and dorsal-ventral polarities are, at least partly, established even with the most severely affected mutant embryos ( Figure S2 ). Intriguingly, these Double heterozygous plants of emb and shai1-umu1 were self-pollinated, and the endosperm phenotypes were examined for formation of embryo pocket. 'shai1-like' represents no pocket formation, whereas 'emb-like' represents endosperm with embryo pocket. Two independent emb mutants were used in this analysis. Chisquared tests were performed for the epistasis between shai1 and emb. The segregation ratios support the hypothesis that shai1 is epistatic to emb (9:4:3). Representative endosperm phenotypes are shown in Figure S11 .
phenotypes are somewhat similar to Arabidopsis rkd4/grd mutant embryos (Jeong et al., 2011; Waki et al., 2011) although maize shai1 phenotypes become discernible at later stages than this Arabidopsis mutant. The least affected variants, shai1 Class 1 embryos, typically have a rounded shape with reduced growth in apical-basal direction compared with wild type. Conceivably, further weakening of signals that organize or maintain a strong primary apical-basal axis during early embryogenesis would allow the bifurcation or multifurcation observed in shai1 Class 2 embryos (Figures 1i,j, 3c and 4c,d ). If axialization is weaker still, more complex patterns of axis disruption would give rise to disorganized Class 3 or non-differentiated Class 4 embryos. Consistent with this model, expanded misexpression of WOX9B toward the apical region in shai1 embryos is correlated with the severity of the mutant embryo phenotypes. However, even in severely affected Class 3/Class 4 shai1 embryos, the spatial patterning of WOX9B and KN1 expression along the dorsal-ventral axis was retained, and indicated a specific role of Shai1 in apical-basal axis organization (Figure 3 ). Due to the technical difficulty of identifying genotypes of developing embryos of mutants at very early stages of embryogenesis, as well as the wide spectrum of shai1 phenotypes, we have not been able to determine precisely the earliest action of Shai1 in the regulation of embryogenesis. However, even the most severely affected shai1 mutants eventually form polarized embryos that resemble late transition stage embryos with respect to morphology (Figure S2) . Moreover, wild type and mutant embryos were (c-e) Kernels from a cross between the female of shai1-umu2 heterozygous plant and male of TB-2Sb translocation (see more details regarding the construction of genetic materials in Figure S12 ). Arrowheads in (c) indicate kernels of shai1 hypoploid endosperms with abnormal pigmentation of aleurone on the F1 ear. Three balanced wild type (upper) and three non-concordant kernels with hypoploid endosperm and hyperploid embryo (lower) are shown in (d). Six non-concordant kernels with hyperploid endosperm and hypoploid embryo are shown in (e). Embryo genotypes of these kernels were confirmed by PCR with genomic DNA prepared from seedling leaves after germinated ( Figure S13 ). Respective genotypes for the embryo and endosperm of non-concordant kernels are shown in the schematic diagrams on the right side of mutant kernels. not distinguishable at 7 or 8 DAP, prior to the transition stage ( Figures S6 and S7 ). These phenotypes suggest that primary defects due to loss of Shai1 become evident at, or after, embryos reach the transition stage. By comparison, in Arabidopsis grd mutant expression of apical-basal polarity, markers become discernible at or after the globular stage of embryogenesis (Jeong et al., 2011) . Despite the fact that maize Shai1 is unlikely to be orthologous to Arabidopsis RKD4/GRD (Figure 5 ), we cannot rule out the possibility that SHAI1 acts in developing embryos earlier than at the transition stage. For instance, shai1 mutations could alter cell division patterns very early, including the first zygote division, and the mutant embryos might restore relatively normal growth and differentiation up to late transition stages. Gene expression analyses with developing embryos of maize and rice by laser-capture microdissection show that Shai1 and the rice ortholog are expressed in very early stage embryos (Zhan et al., 2015; Itoh et al., 2016) . Interestingly, the rice Shai1 ortholog is expressed both in the apical and basal regions of globular embryos at comparable levels (Itoh et al., 2016) .
Altered patterning of polar auxin transport and auxin signaling in shai1 embryos
Polar auxin transport has a crucial role in apical-basal polarization in the embryo during organogenesis (reviewed in Petr asek and Friml, 2009; Robert et al., 2015; ten Hove et al., 2015) . Our results show a correlation of weaken/non-stabilized axialization of shai1 embryos with altered patterning of a key marker for polar auxin transport. Localization of ZmPIN1a-YFP in shai1 embryos is perturbed -in some cases dramatically -whereas overall expression levels of the ZmPIN1a-YFP transgene driven by the native promoter is not noticeably altered in the mutant embryos. Chen et al. (2014) showed that in wild type embryos, ZmPIN1a is localized exclusively at the apical tip of the pro-embryo and then gradually moves toward the interior through the transition stage, in a pattern that is thought to promote apical-to-basal auxin flux. Although our analysis did not resolve subcellular localization of ZmPIN1a-YFP, thus obscuring the direction of intercellular auxin flux, the wide spectrum of patterns observed in shai1 embryos, including bifurcated, broadened and diffuse patterns in peripheral regions of the true embryo -especially in Class 3/Class 4 embryos -are consistent with disruption of apical-to-basal transport of auxin. Conceivably, reduced rate or delayed initiation of apical-basal auxin movement would cause weakening of embryo polarization. It remains to be determined whether Shai1 directly regulates spatial and temporal expression of ZmPIN1a. In the kanadi mutants of Arabidopsis, polar auxin flux is altered by abnormal expression of PIN1 during embryogenesis, and consequently multiple leaf-like primordia are formed from the hypocotyls of developing embryos due to the formation of additional and ectopic auxin maxima (Izhaki and Bowman, 2007) . Conceivably, twinned shoot and lobed scutellum phenotypes of shai1 embryos arise by a similar mechanism through formation of multiple auxin maxima. In addition to the disrupted ZmPIN1a localization, perturbed expression patterns of ZmARF4 and ZmDRN transcription factors implicated in auxin signaling were also correlated with defects in differentiation of vascular tissues, SAM, and epithelial cells of shai1 embryos. Overall, aberrant distribution of auxin probably contributes to the pleiotropic defects in organ differentiation observed in shai1 developing embryos. It has been shown that NPA treatment gives a rise to twin embryos in maize (Forestan et al., 2010) . For shai1 Class 2 embryos, however, the twinned axes are fused at the base to form a single, albeit fasciated, root meristem. In other cases reported for Arabidopsis, twin embryo mutants typically develop a separate embryo via abnormal cell proliferation in the suspensor region (Vernon and Meinke, 1994; Zhang and Somerville, 1997; Vidaurre et al., 2007) or from supernumerary eggs (Vidaurre et al., 2007; Kong et al., 2015) . We have so far not observed any shai1 kernels that completely form separate twin embryos. Hence, the shoot and root axis bifurcation phenotypes of shai1 embryos are evidently distinct from those cases.
In the shoot apical meristem, auxin transport plays a central role of organization of leaf primordia contributing to lateral inhibition of nearby organizing centers (Reinhardt et al., 2000 (Reinhardt et al., , 2003 . By analogy, one possibility is that weakened canalization of polar auxin transport in the true embryo would attenuate lateral inhibition of competing centers of PIN organization and allow embryos to form or Developing kernels were sampled at 22 DAP. Endosperms and embryos obtained from the ear by B-A translocation (shai1/+ 9 TB-2Sb) were PCR-genotyped for Shai1 locus after measure of fresh weight. Numbers in the parentheses indicate standard error (left) and number of samples (right, n). *Indicates significant differences from wild type (Present/Present) control (Student's t-test, P < 0.0002).
attempt to differentiate two or more SAMs in parallel. Remarkably, when multiple organizing centers occur in shai1 embryos, they tend to be of equal size thus producing twin shoots that are nearly identical (Figures 4c, d and S8c, e) . This intriguing modularity is reminiscent of phyllotactic organization in the SAM.
Roles of Shai1 in embryo and endosperm; autonomous and non-autonomous functions
Whereas it has been long thought that signaling occurs between embryo and endosperm in order to coordinate growth of each organ throughout development, insight into underlying molecular mechanisms has only recently emerged (reviewed in Lafon-Placette and K€ ohler, 2014).
Our results revealed an important role for Shai1 in the interaction between embryo and endosperm during development. First, genetic mosaic analysis using the TB-2Sb translocation showed that shai1 mutant embryos can be partially rescued by a wild type endosperm, indicating a non-autonomous interaction between endosperm and embryo. Remarkably, this interaction evidently includes the promotion of the apical-basal axis in the absence of Shai1 function in the embryo, because Class 3 and Class 4 embryos were rarely observed in non-concordant seed that have Shai1 expression in the endosperm. Nevertheless, mutant embryos rescued by interaction with a normal endosperm showed moderately reduced growth along the apical-basal axis and indicated that Shai1 expression in the embryo was also required for fully normal development. Chen et al. (2014) demonstrated that positive auxin response, indicated by DR5-RFP reporter gene expression, occurs in the endosperm tissue near the apical region of the early developing embryo. Therefore, endospermderived auxin or auxin-mediated signals from the endosperm may have a role in the partial rescue of shai1 embryos by hyperploid endosperm.
Second, Shai1/À (hyperploid) embryos that developed in seed with a hypoploid (shai1/shai1/À) endosperm were slightly smaller than those of the genetically balanced wild type seed and suggested that Shai1 expression in the endosperm promoted embryo development regardless of the embryo genotype. Other examples in which mutants with defects in endosperm formation negatively effect embryo development have been described in maize (Chang and Neuffer, 1994) .
Third, Shai1 is essential not only for embryogenesis but also for endosperm development, as evidenced by abnormal growth and pigmentation in the aleurone of the shai1 mutant (Figures 1b,c and 6a ). In addition, Shai1 is required for autonomous formation of the embryo pocket in the endosperm that is typically exposed by emb mutants in maize (Clark and Sheridan, 1991) . Whereas in the shai1 single mutant as well as in the shai1 emb double mutant kernels, growth of the endosperm conforms to the size and shape of the embryo (if present), it is not clear how embryo pocket formation is regulated during normal development where a wild type embryo is present. In fact, in non-concordant seeds that have a Shai1/À (hyperploid) embryo and shai1 (hypoploid) endosperm, the mutant endosperm appeared to accommodate a nearly fully sized embryo without disruption of the embryo-endosperm interface. By comparison, the enlarged bige1 embryo over-grows the pocket at the scutellum margin and causes disruption of the normally smooth embryo-endosperm interface (Suzuki et al., 2015) . These observations suggest that the formation of the embryo pocket is regulated by an interaction between embryo and endosperm at their interface.
Functions of RKD-type RWP-RK putative transcription factors in plants
In this study, we established an essential developmental function of an RKD-type RWP-RK domain transcription factor in grasses. RWP-RK domain proteins occur widely in the plant kingdom including four sub-families, RKD, MID, NIN and an unnamed group (R€ ovekamp et al., 2016) . Arabidopsis RKD4/GRD is the only RWP-RK gene implicated in embryogenesis (Jeong et al., 2011; Waki et al., 2011) . Phylogenetic analysis based on the highly conserved RWP-RK domain indicates that Shai1 is more closely related to RKD5 and therefore unlikely to be an ortholog of RKD4/ GRD. While Shai1 has the key function in maize embryogenesis shown in this study, loss-of-function rkd5 single mutants do not have a discernible phenotype in Arabidopsis (Tedeschi et al., 2017) . Maize and Arabidopsis have only one gene in the Shai1/RKD5 clade (Figure 5f ; Chardin et al., 2014; Koi et al., 2016; R€ ovekamp et al., 2016) . Therefore, the apparent functional difference in grasses and eudicots is not attributable to genetic redundancy for RKD5. Rather, Arabidopsis RKD5 and maize Shai1 might have evolved different functions from their ancestral RKD, therefore it is possible that Shai1 has been evolutionally adapted for grass embryogenesis as well as endosperm development.
Other members of the RKD-type RWP-RK family have roles in gametophyte development. Arabidopsis and wheat RKD1 and RKD2 are preferentially expressed in ovules (Koszegi et al., 2011) . Ectopic expression of RKD1 or RKD2 causes expression of egg cell-specific genes in vegetative tissues (Koszegi et al., 2011) . Mutations in RKD2, RKD3, and RKD4 exhibit abnormal female gametophyte development (Tedeschi et al., 2017) . Although the Arabidopsis rkd5 single mutant does not have an obvious phenotype, the development of the female gametophyte is partially disrupted in the rkd2 rkd5 double mutant and results in reduced fertility. Hence, all RKD genes in Arabidopsis are implicated in female gametophyte development. In maize, we did not detect any significant bias in transmission of shai1 alleles through the female gametophyte. Moreover, shai1-umu1 homozygous plants showed no discernible defects in ovule morphology. F1 seeds obtained by crosses between females of shai1-umu1 homozygous plants and wild type males were all normal. These results suggested that maize Shai1 does not have a non-redundant function in female gametophyte development. However, we cannot rule out the possibility that shai1 alleles used in this study are not functionally null and therefore the residual activity of SHAI1 could be sufficient for normal female gametophyte function. The most severe allele, shai1-umu2, did not develop mature plants, therefore we were unable to determine functions of female gametophyte when sporophytic Shai1 function is strongly perturbed.
Interestingly, two independent groups have reported recently that, in liverwort, a basal land plant, MpRKD regulates cell differentiation and maintenance of egg cell identity (Koi et al., 2016; R€ ovekamp et al., 2016) as well as sperm formation (Koi et al., 2016) . Koi et al. (2016) have proposed that control of germ cell formation is the ancestral function of RKD genes and that RKD4/GRD acquired a novel function in the regulation of embryonic patterning at least in Arabidopsis. Similarly, in grasses, Shai1 may have evolved by extension of the ancestral RKD function into embryogenesis. Our analysis suggests that male sterility of shai1 homozygous plants is most likely to be due to dysfunction of anther exertion and/or dehiscence rather than gametophyte formation. However, we have not yet determined whether pollen produced on shai1 sporophytes is capable of fertilization.
Finally, because shai1 caused the reduction of embryo size and overgrowth of endosperm with little effect on overall kernel size, the locus is potentially an attractive target for breeding of maize varieties with enhanced yield of starch. A hypomorphic allele of shai1 causing reduction of embryo size without affecting fertility might be agriculturally useful for increasing yield of starch per kernel.
EXPERIMENTAL PROCEDURES Plant materials
Maize (Zea mays) plants were grown in the field at the University of Florida Plant Science Research and Education Unit during the spring and fall seasons, or in a winter greenhouse with supplemental lights (16 h/8 h light/dark cycle). The six alleles of shai1 were isolated from the UniformMu (W22) transposon population (McCarty et al., 2005) . The complementation tests were performed using shai1-umu1 as a reference allele. At least three independent non-complementation F1 ears from the crosses between shai1-umu1 heterozygotes and each allele of shai1 heterozygotes confirmed the allelism.
Mu-seq analysis of the shai1 mutant
The shai1-umu1 and shai1-umu2 mutants were used for Mu-seq analysis to identify a causative gene for the mutant phenotype. The Mu-seq analysis was performed as described in McCarty et al. (2013) . Briefly, 13 and 11 independent ears for shai1-umu1 and seven and three independent ears for shai1-umu2 were chosen that segregated shai1 seeds and non-shai1, respectively. Eight wild type seeds from each ear were sown in soil and the resulting seedling tissues were used for genomic DNA extraction and subsequent the Mu-seq library construction.
Total RNA extraction and cloning of the Shai1 coding sequence Total RNA was extracted from frozen tissues and used as a template for reverse transcription to obtain first-strand cDNAs as described previously (Guan et al., 2012; Kudo et al., 2012) . DNA fragments of full-length coding region of the Shai1 transcript were amplified by attaching a CACC adaptor sequence immediately upstream of the start codon using PCR primers Shai1-eF1 and Shai1-eR1 (Table S1 ) and first-strand cDNA as the template. The amplicons were inserted into the pENTR/D-TOPO vector (Invitrogen, https://www.thermofisher.com) following the manufacture's manual. The resulting plasmid was used as an entry plasmid in subsequent procedures.
Histological analysis and in situ hybridization
For histological analysis, wild type and shai1 kernels were harvested from the same segregating ear at varying times after selfpollination. Kernels were fixed in 4% paraformaldehyde for 48 h at 4°C and dehydrated in an ethanol/histoclear series, then embedded in Paraplast Plus. Next, 10 lm-thick sections were made with a Leitz 1512 microtome and stained with safranin O or toluidine blue O for histological analysis. Images were captured with a KL200 LED microscope.
For in situ hybridization, the sections were prepared through the same process as described above. To prepare the probe, partial coding sequences of each gene were amplified using the listed primers in Table S1 and cloned into the TOPO-blunt II vector (Invitrogen). Digoxigenin-labeled antisense RNA probes were generated by in vitro transcription using T7 RNA polymerase (TaKaRa, https:// www.takarabio.com). In situ hybridization and immunological detection with alkaline phosphatase were performed as described by Kouchi and Hata (1993) .
Microscopic analysis of ZmPIN1a-YFP localization in shai1 embryos
Seeds of ZmPIN1a-YFP transgenic maize were obtained from the Jackson Laboratory at Cold Spring Harbor Laboratory (Gallavotti et al., 2008; Mohanty et al., 2009 ; http://maize.jcvi.org/cellgenomic s/). Plants carrying the ZmPIN1a-YFP transgene were backcrossed twice with shai1-umu1 heterozygotes on a W22 inbred background. The backcross seed were sown and the resulting plants were genotyped for the presence of shai1 allele and the transgene by PCR and then self-pollinated. Developing embryos were excised from kernels on the segregating ears of both shai1 and ZmPIN1a-YFP transgene, and the localization of ZmPIN1a-YFP was evaluated and imaged with an Olympus IX81 confocal fluorescence microscope.
Phylogenetic analysis
Amino acid residue sequences were obtained from Phytozome (phytozome.jgi.doe.gov) for Arabidopsis, rice, maize RKD proteins. Amino acid residue sequences of liverwort RKD and Chlamydomonas RWP-RK proteins were obtained from the previous studies (Chardin et al., 2014; Koi et al., 2016) . The conserved RWP-RK domain of each protein (Table S2 ) was used for alignment by using ClustalW embedded in MEGA6 (Tamura et al., 2013) . The first alignment was done using BLOSAM weight matrix with a 10 Gap Opening Penalty and a 0.35 Gap Extension Penalty value for pairwise and multiple alignments, respectively. The second alignment for the selected diverged segments (the corresponding region in SHAI1 is shown underlined in Table S2 ) was done with a 5 Gap Opening Penalty and a 0.1 Gap Extension Penalty. The phylogenic tree was subsequently constructed by the neighbor-joining method with a bootstrap value of 1000 (Saitou and Nei, 1987) . Five RWP-RK domain proteins from Chlamydomonas (Cre) belonging to RKD(B) (Chardin et al., 2014) were used as an outgroup to place root of the tree.
Quantitative PCR analysis
Quantitative PCR (qPCR) was performed as described previously (Kudo et al., 2012) by using SYBR â Premix Ex Taq TM II (Tli RNaseH Plus) (TaKaRa BIO) and gene-specific primers Shai1-RTF1 and Shai1-RTR1 (Table S1 ). The purified entry plasmids were used to obtain linear standard curves.
Subcellular localization of GFP-SHAI1 in tobacco leaf epidermal cells
Full-length CDS of Shai1 was inserted into pGWB506 (Nakagawa et al., 2007) binary plasmid by an in vitro recombination using the Gateway TM LR Clonase TM II Enzyme mix (Invitrogen) to construct a destination plasmid. Suspensions of Agrobacterium tumefaciens EHA105 cells harboring the destination plasmids were infiltrated into young leaves of Nicotiana benthamiana essentially following the method described by Sch€ ob et al. (1997) . After an overnight cultivation, the infiltrated leaves were stained with 4 0 ,6-diamidino-2-phenylindole (DAPI) to visualize the nucleus. GFP and DAPI fluorescence was observed using an Olympus IX81 confocal fluorescence microscope.
TB translocation experiments
The TB-2Sb translocation stock (221J) was obtained from Maize Genetics COOP Stock Center. The TB line was backcrossed with W22 twice and then used to cross with females of shai1-umu2 heterozygous plants. The F1 dry and mature seeds were examined for the kernel phenotypes and used for seedling analysis described in Figures 6 and S12. For fresh weight analysis of the developing embryos, TB lines backcrossed with W22 three times were used.
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